R
enewed interest in mitochondria stems from recent associations of malfunctioning mitochondria with many cancers (1), neurological diseases (2) (3) (4) , and even reduced life span (5) . The basis for these associations lies in the respiratory chains that power aerobic life. 3D structures for many respiratory complexes and carriers (6) (7) (8) have elucidated the detailed mechanisms of electron transport, proton pumping, the reduction of oxygen to water, and ATP formation. Less is known about the biogenesis of these respiratory chain components. The synthesis and insertion of cofactors (e.g., heme and metals) into large, multisubunit membrane complexes represents a new frontier in the study of mitochondrial function. The c-type cytochromes, among the beststudied players in mitochondrial electron transport (9, 10) , are redox-active heme proteins whose biosynthesis is only now beginning to be understood. Cytochrome c is a soluble electron carrier in the intermembrane space (IMS) of mitochondria that functions in electron transport between the quinol:cytochrome c oxidoreductase (complex III, or cytochrome bc 1 ) and the cytochrome c oxidase (complex IV, or cytochrome a/a3). In addition to its role in mitochondrial respiration, cytochrome c plays a crucial role in apoptotic signaling (11) . A second, membranebound c-type cytochrome, cytochrome c 1 , is an integral part of complex III.
C-type cytochromes differ from other cytochromes in that the heme is attached to the protein covalently via two thioether linkages between the heme vinyls and two cysteine residues of a conserved CysXxxXxxCysHis (CXXCH) heme-binding motif. Two major pathways have been identified for the biogenesis of c-type cytochromes in mitochondria: cytochrome c maturation (CCM) (12) (13) (14) (15) and cytochrome c heme lyase, also called "holocytochrome c synthase" (HCCS, the term used in this paper) (16, 17) . The CCM system is composed of eight or nine integral membrane proteins and functions in the mitochondrial inner membrane of plants and some protozoa and in the cytoplasmic membranes of alpha-and gamma-proteobacteria (18) . Most mitochondria (e.g., those of fungi, invertebrates, vertebrates, and some protozoa) use HCCS for synthesis of cytochrome c. In fungi, two related homologs, HCCS and HCC 1 S, are dedicated to maturation of cytochrome c and cytochrome c 1 , respectively (19, 20) , whereas in animals a single HCCS enzyme is active toward both cytochrome c and cytochrome c 1 (17, 21) . Additionally, in yeast and other fungi, the FAD-containing protein Cyc2p is required for heme attachment to apocytochrome c (22) (23) (24) .
The human HCCS has been increasingly implicated in disease. For example, chromosomal mutations in the gene encoding HCCS can lead to a condition called "microphthalmia with linear skin defects syndrome" (25, 26) . Additionally, a role for HCCS in apoptosis (separate from that of cytochrome c) has been described in injured motor neurons (27) . Despite the identification of HCCS as the gene product responsible for heme attachment to cytochrome c in Saccharomyces cerevisiae more than 25 y ago (19) , the enzyme has never been purified or characterized, and the mechanism of covalent heme attachment is unknown (16, 17) . In yeast, HCCS is nuclear encoded and is imported directly into the mitochondrial IMS from the cytosol via the translocase of the outer membrane complex (20, 28, 29) . Studies in S. cerevisiae have shown that HCCS is membrane associated in mitochondria and is exposed to the IMS (28) (29) (30) . The apparent absence of transmembrane helices suggests that membrane association is likely peripheral. Pioneering studies by Sherman and colleagues (30, 31) and by Neupert and colleagues (32, 33) have demonstrated that HCCS also plays an essential role in the import of the apocytochrome c from the cytosol to the mitochondrion. It is unknown how heme enters the IMS from its site of synthesis in the mitochondrial matrix, although early studies showed that reduced heme (Fe 2+ ) is necessary for covalent attachment to cytochrome c (34, 35) . Preliminary genetic results suggested that heme binding by HCCS occurred at partially conserved cysteine-proline sequences (36) , which serve as heme-regulatory motifs in several other proteins. However, neither of the cysteine-proline sequences in S. cerevisiae HCCS is required for heme attachment to cytoAuthor contributions: B.S.F. and R.G.K. designed research; B.S.F. and E.C.B. performed research; B.S.F., E.C.B., and R.G.K. analyzed data; and B.S.F. and R.G.K. wrote the paper.
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Both the mechanism by which HCCS mediates covalent heme attachment to the apocytochrome and the specificity determinants for recognition of heme and the apocytochrome c are poorly understood. Recombinant systems for production of mitochondrial cytochromes c in Escherichia coli, developed by Mauk and colleagues (38) , have facilitated some progress in this regard (SI Appendix, Table S1 ) (39) (40) (41) . The N-terminal region of the apocytochrome c substrate (including the CXXCH motif) is important for recognition by S. cerevisiae HCCS (reviewed in ref. 16) , and a few residues in this region have been identified as important for holocytochrome c maturation (42, 43) . However, the features of the cytochrome c substrate that are recognized by the human HCCS have never been examined. Here, we report successful purification and characterization of the human HCCS from recombinant E. coli. The human HCCS is membrane associated and is purified with endogenous heme coordinated by conserved His154. We define the amino acids in the human cytochrome c that are required for holocytochrome c formation by HCCS, and we successfully convert a nonsubstrate cytochrome c, cytochrome c 2 from the alpha-proteobacterium Rhodobacter capsulatus, into a robust substrate for the human HCCS by introducing three sequence alterations. Finally, we report purification of trapped heme-containing complexes between cytochrome c and HCCS, with heme ligands coming from His19 (of the CXXCH motif) in cytochrome c and His154 of HCCS. We show that mutation of either cysteine in the conserved CXXCH motif of the cytochrome c leads to accumulation of trapped cytochrome c, with a single covalent attachment to the remaining cysteine, on the HCCS enzyme. Our results suggest mechanisms for heme binding, interaction with apocytochrome c, thioether formation, and a requirement for release of mature holocytochrome c from HCCS.
Results
Purified Human HCCS Contains Heme. Despite longstanding interest in HCCS, the enzyme has remained refractile to successful purification and biochemical characterization (e.g., refs. [43] [44] [45] . To address this problem, we engineered the cDNA for the human HCCS in three different vectors (pET Blue-2 with an N-terminal His6 tag, pTXB1 with a C-terminal Intein fusion, and pGEX with an N-terminal GST fusion) for expression and purification in E. coli. Early attempts at purifying HCCS from cytoplasmic fractions were largely unsuccessful for each of these constructs. However, upon fractionation of E. coli expressing GST-HCCS, we observed that the membrane fraction appeared to be enriched for a polypeptide of 57 kDa, the predicted size for the GST-HCCS fusion protein (SI Appendix, Fig. S1 ). Thus, we directed our efforts toward purifying human HCCS from membranes by solubilization in N-dodecyl β-D-maltopyranoside (DDM) (Fig. 1  A-C) or Triton X-100. Purified full-length GST-HCCS (∼57 kDa) and three minor proteolytic products each reacted with GST antisera (Fig. 1B, lane 9) . Note that soluble (cytoplasmic) fractions contained mostly the degraded products and very low levels of full-length GST-HCCS (Fig. 1B, lane 2) . Densitometry analysis indicated that more than 98% of the purified, Coomassie-stained protein from the membrane fraction was GST-HCCS. Analysis by LC-MS/MS confirmed that the 57-kDa species was the GST-HCCS fusion protein (SI Appendix, Fig. S2 ). To test the function of human HCCS, it was coexpressed with an arabinose-inducible gene encoding the human cytochrome c. Maturation of the 12-kDa holocytochrome c (Fig. 1D) confirmed that the GST-HCCS fusion protein was active in heme attach- showing synthesis of the human holocytochrome c as a function of HCCS expression and arabinose concentration. The 12-kDa holocytochrome c is indicated by an arrow. One hundred micrograms of total protein was loaded in each lane. In C and D, prestained molecular weight standards were overlaid in red onto the heme stains. (E) UV-Vis absorption spectra of purified GST-HCCS (black line), reduced with sodium dithionite (red line), or oxidized with ammonium persulfate (blue line). (Inset) Sodium dithionite-reduced pyridine hemochrome spectrum of purified GST-HCCS from 500-600 nm. (F) UV-Vis absorption spectra of purified GST-HCCS (black line) in the presence of imidazole (purple line) and in the presence of imidazole reduced with sodium dithionite (red line). In E and F, the region from 500-700 nm has been multiplied by a factor of three. Absorption maxima are indicated by arrows. ment to cytochrome c (see below). Approximately 3-4 mg of human holocytochrome c was produced per liter of E. coli culture.
Preparations of purified GST-HCCS were tinted red, and heme staining revealed that full-length GST-HCCS contained heme (Fig. 1C, lane 9) . Heme proteins exhibit characteristic absorptions, referred to as the "α," "β," and "Soret" bands, in the UV and visible (UV-Vis) regions of the spectrum. These spectral features can provide information about the identity of the axial ligands and the spin and oxidation states of the heme iron (46) . Purified human HCCS showed a Soret peak at 423 nm and three broad shoulders at 540, 570, and 660 nm (Fig. 1E, black line) . Longer-wavelength Soret absorptions (e.g., 423 nm) often are characteristic of hexacoordinate, reduced heme (Fe 2+ ) (46) . Addition of the reducing agent sodium dithionite to purified GST-HCCS caused no shift in the Soret maximum. However, the Soret band sharpened (because of the loss of its lower-wavelength shoulder), absorbance increased, and small peaks appeared at 559 and 530 nm (Fig. 1E, red line) . These spectral features, in combination with the 556-nm absorption in the reduced pyridine hemochrome spectrum (Fig. 1E, Inset) (47) , are consistent with noncovalent, or b-type, heme. Because some heme remains with HCCS upon SDS/PAGE (Fig. 1C) , we cannot absolutely rule out the possibility that some heme may be covalently bound. However, our spectral results and the detection of variable amounts of free heme in heme stains lead us to favor the idea that heme in HCCS is b-type. Addition of the oxidizing agent ammonium persulfate to purified GST-HCCS caused the Soret band to shift 13 nm to 410 nm, a wavelength typical of hexacoordinate, oxidized heme (Fe 3+ ), and diminished the shoulders at 540, 570, and 660 nm (Fig. 1E , blue line). These observations suggest a mixture of oxidized heme and hexacoordinate, reduced heme in purified GST-HCCS.
To interrogate the heme-binding environment in HCCS further, exogenous imidazole was added to purified GST-HCCS, and UV-Vis absorption spectra were recorded. Imidazole is the side chain of histidine and often is used to probe heme-ligand interactions in vitro (e.g., refs. 48 and 49). Upon addition of 100 mM imidazole, the Soret peak shifted from 423 to 413 nm (Fig. 1F , purple line). Subsequent addition of sodium dithionite to GST-HCCS in the presence of imidazole (Fig. 1F , red line) caused a shift in the Soret peak from 413 to 422 nm and resulted in the appearance of pronounced absorptions at 530 and 559 nm. These spectral features are hallmarks of hexacoordinate-reduced heme with bis-His axial ligation but rarely are observed in hemes with histidine-cysteine, histidine-tyrosine, or histidine-methionine axial ligation (50) (51) (52) . These observations are consistent with at least one natural histidine axial ligand in HCCS and an unknown axial ligand (possibly a small molecule) that can be replaced by exogenous imidazole.
His154 Is a Heme Ligand in HCCS. Two histidines, His154 and His211, in human HCCS are conserved in HCCSs from a wide variety of organisms (SI Appendix, Fig. S3 ). Given the established role of histidine residues as axial heme ligands and our spectroscopic analyses of pure HCCS, we reasoned that one or both of these histidines might coordinate heme in HCCS. We engineered substitutions of each histidine residue and, to test the function of the resulting HCCS variants, coexpressed each with WT human cytochrome c in E. coli Δccm ( Fig. 2A, Upper) . HCCS His154 is essential for heme attachment; mutation to alanine, glycine, or tyrosine completely abolished synthesis of human holocytochrome c ( Fig. 2A , Upper, lanes 1-3). For His211, substitutions showed only minor effects on heme attachment ( Fig. 2A , Upper, lanes 5-8).
To investigate further the function of His154, we tested whether the cytochrome c assembly defect of the His154 mutants could be restored by the addition of exogenous imidazole to E. coli culture. In vivo chemical complementation by imidazole has been used to correct the heme-binding function of histidine mutants for recombinant myoglobin (53) and the cytochrome c synthetases CcsBA (54) and CcmF (55) . The addition of 10 mM imidazole restored the cytochrome c assembly defects of the H154A and H154G HCCS mutants to ∼40% of WT levels ( Fig. 2A , Lower, lanes 1 and 2) but HCCS H154Y was not corrected (lane 3). This result is consistent with our previous findings on correction of histidine mutants in CcmF (55) , which showed that amino acids with bulkier side chains (such as tyrosine) do not accommodate imidazole in the heme-binding cavity and thus are not functionally complemented. For the His211 substitutions in HCCS, imidazole addition had no effect on cytochrome c assembly ( Fig. 2A , Lower, lanes 5-8). To test directly whether His154 is required for binding of heme to HCCS, we expressed and purified the nonfunctional GST-HCCS(H154A) ( Fig. 2 B and C) . GST-HCCS (H154A) was purified as a stable polypeptide with yields similar to those of the WT GST-HCCS, but GST-HCCS(H154A) contained no detectable heme by heme staining (Fig. 2D, lane 9) or UV-Vis absorption spectroscopy (Fig. 2E , orange line). We conclude that His154 is an axial ligand to the heme iron in HCCS.
Key Determinants in Human Cytochrome c for Maturation by Human
HCCS. To define the apocytochrome c substrate requirements of human HCCS, we used the isopropyl-β-D-thiogalactopyranoside (IPTG)-inducible human GST-HCCS and a compatible, arabinose-inducible pBAD plasmid carrying the human cytochrome c. Previous studies with S. cerevisiae HCCS (SI Appendix, Table S1 ) led us to focus on several conserved residues in the amino terminus of the Homo sapiens cytochrome c, namely Lys6, Phe11, Cys15, Cys18, and His19 (residues shown in bold in Fig. 3A ). Throughout our report we refer to the initiation methionine of human cytochrome c as "residue 1." Cell extracts of recombinant E. coli expressing both human HCCS and cytochrome c were assayed for covalent heme attachment (to human cytochrome c) by SDS/PAGE followed by heme staining (Fig. 3 B and C) and UV-Vis absorption spectroscopy (Fig. 3D) . In the absence of HCCS, no holocytochrome c was detected by heme staining (Fig.  3B, lane 10) or spectrally (Fig. 3D, vector control) . Coexpression of human HCCS and cytochrome c resulted in the production of a 12-kDa holocytochrome c (Fig. 3B, lane 11) that showed a UVVis absorption spectrum consistent with covalent heme attachment, based on the typical α maximum at 550 nm (Fig. 3D, WT) . Replacement of Lys6 with alanine, arginine, or aspartic acid did not impair maturation of human cytochrome c (Fig. 3 B-D) . Substitution of Phe11 with alanine impaired heme attachment to cytochrome c by ∼75% relative to WT under these conditions ( Fig. 3 B and C) . Human cytochrome c 1 contains a tyrosine residue instead of the phenylalanine residue at this position (Fig. 3A) ; to test whether tyrosine could substitute for phenylalanine in human cytochrome c, we engineered a tyrosine substitution at Phe11. Coexpression of the F11Y variant with human HCCS resulted in levels of heme attachment equal to those in WT cytochrome c (Fig. 3 B and C) , and the peak at 550 nm in the UV-Vis absorption spectrum confirmed covalent heme attachment (Fig.  3D) . We also engineered substitutions at the two cysteine residues and the single histidine residue of the CXXCH motif (Cys15, Cys18, and His19) in human cytochrome c. The C15S and C18A substitutions were matured at ∼8% and <3% of WT levels, respectively ( Fig. 3 B and C) . Substitution of alanine for His19 resulted in undetectable levels of cytochrome c (Fig. 3 B and C) .
Our results with regard to the importance of Phe11 differ somewhat from two previous studies, which showed that an F11A variant of cytochrome c was not matured detectably by S. cerevisiae HCCS in the E. coli cytoplasm (42, 43) . This difference could result from the broader substrate specificity of the human HCCS relative to the S. cerevisiae HCCS. In S. cerevisiae two related homologs, HCCS and HCC 1 S, are dedicated to maturation of cytochrome c and cytochrome c 1 , respectively, whereas in humans (and all animals), a single HCCS matures both the mitochondrial cytochrome c and cytochrome c 1 .
Requirements for Recognition of Bacterial c-Type Cytochromes by Human HCCS. Previous studies have shown that S. cerevisiae HCCS is unable to mature certain bacterial c-type cytochromes (44) despite structural and functional similarities to the mitochondrial cytochrome c (SI Appendix, Fig. S4 ). Recently, it was shown that a chimeric cytochrome c composed of the N-terminal 18 amino acids of yeast cytochrome c followed by the C-terminal region of cytochrome c 550 from Paracoccus denitrificans (including the CXXCH motif from P. denitrificans) could be matured by S. cerevisiae HCCS (43) . When the R. capsulatus cytochrome c 2 , in which the methionine start codon of the human cytochrome c is the engineered initiation codon (Fig. 4A ), was coexpressed with the human HCCS, holocytochrome c 2 was not detected above background levels (Fig. 4B, lane 1) . A notable difference between the N-terminal sequences of R. capsulatus cytochrome c 2 and human cytochrome c is the amino acid spacing between the conserved phenylalanine residue (Phe11 in human cytochrome c) and the CXXCH motif (boxed region in Fig. 4A ). To test whether a three-residue spacing is a requirement for recognition by human HCCS, we engineered an alanine insertion between Asn11 and Lys12 (human numbering) in R. capsulatus cytochrome c 2 and coexpressed it with human HCCS (in E. coli Δccm). Analysis of cell extracts by heme staining showed that cytochrome c 2 (Ala-ins) also was not matured (Fig. 4B, lane 3 ).
An additional difference between R. capsulatus cytochrome c 2 and human cytochrome c is the local charge in the region pre- ceding the conserved phenylalanine residue (Fig. 4A) ; specifically, cytochrome c 2 contains two negatively charged glutamic acid residues (shown in bold in Fig. 4A ). We engineered E8K and E10I substitutions in the WT cytochrome c 2 and the cytochrome c 2 (Ala-ins) variant. Coexpression of cytochrome c 2 (E8K/E10I/ Ala-ins) with the human HCCS led to the production of high levels of a 13-kDa species with covalent heme (Fig. 4 B, lane 6 , and D). Immunoblotting with cytochrome c 2 antisera confirmed that this covalent heme species is R. capsulatus cytochrome c 2 (Fig. 4C, lane 7) . UV-Vis absorption spectra confirmed covalent heme attachment to cytochrome c 2 (E8K/E10I/Ala-ins) (Fig. 4E) . Approximately 1-2 mg of holocytochrome c 2 (E8K/E10I/Ala-ins) was produced per liter of E. coli culture. In contrast, cytochrome c 2 (E8K/E10I), containing its natural two-residue spacing between Phe11 and CXXCH, was not matured (Fig. 4B, lane 2, and D) . We also engineered each single glutamic acid substitution into cytochrome c 2 (Ala-ins) to generate cytochrome c 2 (E8K/Ala-ins) and cytochrome c 2 (E10I/Ala-ins), and although both cytochrome c 2 (E8K/Ala-ins) and cytochrome c 2 (E10I/Ala-ins) were matured at higher levels than WT cytochrome c 2 (Fig. 4B, lanes 4 and 5,  and D) , neither was as high as the double substitution.
While our manuscript was in preparation, a report was published on the conversion of R. capsulatus cytochrome c 2 into a substrate for S. cerevisiae HCCS (56), with results that are consistent with our findings using the human HCCS. In their study, Verissimo et al. (56) engineered a lysine insertion instead of an alanine insertion and replaced Glu10 with leucine instead of isoleucine. Our results here indicate that positively charged and neutral residues at positions 8 and 10, respectively, and proper spacing between Phe11 and CXXCH constitute the minimal determinants for maturation by human HCCS. We describe the evolutionary implications of these results in SI Appendix.
HCCS Copurifies with Human Cytochrome c. To investigate further the interactions between HCCS and the substrate cytochrome c, we coexpressed several of the human cytochrome c variants (F11A, C15S, C18A, or H19A) or WT cytochrome c with the human HCCS and analyzed the soluble and membrane fractions. We noticed that the detergent-solubilized membrane fractions from cells expressing the C15S or the C18A cytochrome c variant (along with HCCS) had higher levels of holocytochrome c than the soluble fractions (SI Appendix, Fig S5 C and D, lanes 3, L  fractions) . Membrane fractions from cells expressing the WT, F11A, or H19A variants of cytochrome c contained low levels of holocytochrome c (SI Appendix, Fig S5 A, B , and E, lanes 3, L fractions).
To investigate whether the apparent membrane localization of the cytochrome c variants was related to the association of HCCS with the E. coli membrane, we purified GST-HCCS and analyzed each preparation for the presence of the human cytochrome c. In each case, GST-HCCS was purified from detergentsolubilized membranes as a stable polypeptide with minimal degradation (Fig. 5A) . In addition to the full-length GST-HCCS fusion protein (∼57 kDa), we observed in the elution fraction a 12-kDa polypeptide of the molecular mass for cytochrome c (SI Appendix, Fig. S6A ). Analysis by LC-MS/MS (SI Appendix, Fig.  S7 ) and immunoblotting with cytochrome c antisera (Fig. 5B) confirmed that cytochrome c copurified with GST-HCCS. Table  1 quantifies the heme and apocytochrome bound in each complex and summarizes the spectral properties of each complex. Heme staining after SDS/PAGE revealed that the WT cytochrome c and each of the variants contained heme (although at very low levels for the H19A variant) (Fig. 5C ). Covalent heme attachment to the 12-kDa cytochrome c was confirmed by retention of the heme through SDS/PAGE after boiling and treatment with 8 M urea (SI Appendix, Fig. S8 ). HCCS complexes with C15S and C18A variants contained approximately eightfold more heme than HCCS alone, and the WT, F11A, and H19A complexes contained approximately fourfold more heme (Table 1 , column C). Total heme in each complex was proportional to the amount of cytochrome c polypeptide bound in each complex (Table 1 , column B), suggesting that the interaction of HCCS with heme is stabilized by the presence of the cytochrome c acceptor. To determine the role of heme in formation of the complex between HCCS and cytochrome c, we investigated whether HCCS(H154A), which is defective in heme binding (Fig.  2) , copurified with any of the cytochrome c variants. Purified HCCS(H154A) (Fig. 5D ) contained no detectable cytochrome c (Fig. 5E) or heme (Fig. 5F ), just as HCCS(H154A) alone had no heme. The failure of HCCS(H154A) to copurify with cytochrome c indicates that heme binding by HCCS (through His154) is a requirement for interaction with the apocytochrome c.
Spectral Analyses of the HCCS:Heme:Cytochrome c Complexes. UVVis spectra were recorded on each of the purified complexes to gain additional insight into the heme-protein interactions within each complex. In the absence of residue His19 of apocytochrome c (i.e., the HCCS:H19A complex), the UV-Vis absorption spectrum is reminiscent of the spectrum of HCCS alone, with a Soret absorption peak at 425 nm and broad absorptions at 540 and 570 nm (Fig. 5G, black line) . Addition of the reducing agent sodium dithionite to the purified HCCS:H19A complex caused minor changes in the Soret peak and the α-β region of the spectrum (Fig. 5G, red line) . To probe ligand interactions in the HCCS:H19A complex further, we added 100 mM imidazole to purified HCCS-H19A and recorded spectra (Fig. 5H, purple  line) . The effect of imidazole addition on heme in the HCCS: H19A complex was similar to that observed with HCCS alone, with a blue-shift in the Soret band to 418 nm. Upon addition of sodium dithionite to HCCS:H19A in the presence of imidazole, the Soret band shifted to 425 nm, and pronounced α and β absorptions were observed at 559 and 530 nm (Fig. 5H, red line) . These results suggest that in the HCCS:heme:cytochrome c (H19A) complex His154 of HCCS provides one axial ligand and that exogenous imidazole can occupy the second axial coordination site. In contrast, the spectra of each of the other complexes of cytochrome c with HCCS ( Fig. 5I ; full spectra are shown in SI Appendix, Fig. S9 ) were markedly different from that of HCCS alone, and imidazole caused no change in the spectra of these complexes (SI Appendix, Fig. S10 ). We propose that, in the C15S, C18A, F11A, and WT complexes of cytochrome c with HCCS, heme is coordinated by His154 of HCCS and His19 of cytochrome c.
To analyze the heme environment in each complex (Table 1 , columns G-I), we focused on the sodium dithionite-reduced absorptions in the α-β region of the spectrum (500-600 nm; see Fig. 5I ), which are diagnostic for covalent heme attachment and ligand interactions with the heme iron (46) . The reduced spectrum of the HCCS:WT cytochrome c complex exhibited α and β maxima at 555 and 523 nm, respectively (Fig. 5I, purple line) . The complex of HCCS with the F11A variant of cytochrome c showed α and β absorptions at 552 and 524 nm (Fig. 5I , orange line). The HCCS:C15S complex exhibited a unique and rare split α maximum (57) at 555-560 nm and a split β peak at 526-535 nm (Fig. 5I, blue line) . We note that a split α absorption has been observed at room temperature for heme in the CcmCDE complex (58, 59) , where, similarly, there is a single covalent attachment to a heme vinyl and bis-His coordination of the heme iron. The HCCS:C18A complex exhibited a strong α absorption at 561 nm and a β peak at 531 nm (Fig. 5I, black line) . For the C18A variant, because the α maximum was atypical for a c-type heme (i.e., 561 nm absorption; Fig. 5I , black line), we confirmed covalent attachment of the heme group to the protein by MS; a trypsinized peptide corresponding to the heme-binding motif of this variant plus covalent heme was detected (SI Appendix, Fig. S11) .
Thus, for each complex of cytochrome c with HCCS, there are signature absorptions in the reduced UV-Vis spectrum that are diagnostic for the specific heme-protein interactions of that complex. We note that the spectra of the complexes of HCCS with WT cytochrome c and the C15S variant are markedly different from the spectra that have been reported for released, mature WT holocytochrome c (41, 44) and site-directed variants of Cys15 (60, 61) , respectively. These differences support our contention that the spectra of the complexes are indeed reflective of interactions with the heme by both the HCCS and the cytochrome c. We propose that these trapped complexes provide insight into intermediates on the path to full maturation and release of the human cytochrome c by the human HCCS.
Discussion
Our results are discussed in the context of four distinct steps in the synthesis of holocytochrome c by the human HCCS: heme binding, apocytochrome c substrate recognition, thioether formation, and release of holocytochrome c (Fig. 6A) . We also address long-standing questions about the mechanisms of heme binding by HCCS and the roles of individual residues in both HCCS and the apocytochrome c substrate. A major conclusion is that heme is the central molecule mediating interaction between HCCS and apocytochrome c.
Step 1. Heme Binding by HCCS. Human HCCS is purified from membrane fractions as a full-length GST fusion protein with endogenous heme. Given that the function of HCCS is to attach heme covalently to apocytochrome c, heme binding by this enzyme has long been suspected (34, 36, 62) but never has been shown directly. Spectral studies provided insight into the HCCS heme-binding environment, suggesting that one ligand to the heme iron was a histidine and that the second axial coordination site was occupied by an unknown ligand that could be replaced by exogenous imidazole in vitro. Various approaches were used to demonstrate that residue His154 in HCCS was an axial ligand to the heme in HCCS (Fig. 2) . First, HCCS(H154A) did not purify with heme. Additionally, HCCS(H154A) was not functional in holocytochrome c synthesis, but activity was corrected in vivo by addition of exogenous imidazole. Finally, HCCS(H154A) did not form ternary complexes with heme and cytochrome c (Fig. 5) . Therefore, we conclude that the heme-bound form of HCCS binds the apocytochrome c (see step 2).
Step 2. Recognition of Apocytochrome c by HCCS:Heme. We undertook two approaches to define the substrate determinants in the apocytochrome c that human HCCS requires for formation of a mature holocytochrome c. The first approach was to identify key residues in the N terminus of the cognate human apocytochrome c that are required for holocytochrome formation; the second was to convert a nonsubstrate bacterial cytochrome c (R. capsulatus cytochrome c 2 ) into a substrate for human HCCS. For the human apocytochrome c, residues Phe11, Cys15, Cys18, and His19 were important (although to differing degrees) for optimal holocytochrome c maturation (Fig. 3C) . Maturation of cytochrome c 2 by HCCS required the insertion of an alanine residue between Phe11 and Cys15 and substitution of residues Glu8 and Glu10 (Fig. 4) . Predicted structures of the cytochrome c 2 N terminus demonstrate that the alanine insertion significantly repositions Phe11 and the two glutamic acid residues (SI Appendix, Fig. S12, compare A and B) ; therefore, both amino acid spacing and charge (SI Appendix, Fig. S12 , compare A and C) are critical for heme attachment by HCCS. Fig. 6B shows the predicted structure of the first 20 residues in the human apocytochrome c, with each of the critical determinants highlighted.
We gained remarkable insight into HCCS substrate recognition when we discovered that each human cytochrome c variant (F11A, C15S, C18A, and H19A) copurified with HCCS ( Fig. 5 and Table 1 ). Each of the HCCS:heme:cytochrome c complexes comprised a unique heme environment (Fig. 5I) , suggesting that each variant complex reflects a distinct intermediate in maturation. Thus, these variants are not defective in recognition by and binding to HCCS:heme (step 2) but are defective in a later step in maturation, as described below. Our results are consistent with prior genetic studies in yeast, in which a class of mutant apocytochrome c (including variants at Cys15, Cys18, and His19) was found to be competent for mitochondrial import (in an HCCSdependent manner) and therefore still was recognized by HCCS but was not matured into holocytochrome c (63). Fig. 6C diagrams the central role of heme in the formation of the complex of HCCS (blue) with the apocytochrome c N terminus (PEP-FOLD-generated structure, green). Each complex of HCCS with apocytochrome c (including HCCS:H19A) contained more total heme than did HCCS alone (Table 1 , column C), indicating that apocytochrome c binding stabilizes heme in the HCCS:heme:cytochrome c ternary complex (Fig. 6A, step 2) . His19 of the apocytochrome CXXCH supplies the second axial ligand to heme iron in the complex with HCCS, and HCCS His154 provides the first axial ligand (Fig. 6C ). This conformation is suggested by spectral analyses of the HCCS:heme:cytochrome c (H19A) complex compared with the complexes with WT and other cytochrome c variants. That the HCCS:heme:cytochrome c (H19A) complex contained more total heme than HCCS alone further indicates that other residues in apocytochrome c (in addition to His19) likely interact with heme. The spectral features and biochemical characterization of these ternary complexes also inform us of the later steps in holocytochrome c synthesis.
Step 3. Formation of Thioether Bonds. Each of the complexes of cytochrome c with HCCS contained at least WT levels of covalent 12-kDa heme, with the exception of the H19A variant (Table 1 , column D). Although heme in the complex with HCCS still was stabilized by binding of cytochrome c(H19A) ( Table 1 , column C), thioether formation was very low for this variant. We conclude that His19 of CXXCH in the apocytochrome c is essential for efficient thioether formation. We propose that coordination of the heme iron by His19 in the HCCS:heme:cytochrome c complex positions the two cysteines for stereospecific ligation to reduced (Fe 2+ ) heme, preparing it for thioether bond formation. This proposal is consistent with the effect of exogenous imidazole on the heme environment in the HCCS:heme:cytochrome c(H19A) complex, as described in results (Fig. 5 H and I) . The essential role of His19 in step 3 is supported further by the complete absence of released holocytochrome c(His19) ( Table 1 , column E, and Fig.  3 B and C) . Holocytochrome C15S and C18A were bound to HCCS at steady-state levels twofold higher than the WT holocytochrome c (Table 1 , columns B and D). Because the levels of mature holocytochrome c were very low relative to WT (8% for C15S and <3% for C18A), it appears that these variants are trapped in HCCS, unable to undergo release. Thus, the formation of a covalent bond at both cysteines appears to be required for efficient release from HCCS. Interestingly, Wang et al. (63) observed a class of mutant apocytochrome c (including variants in the cysteine residues of CXXCH) whose expression inhibited the maturation of normal cytochrome c when coexpressed in S. cerevisiae. They speculated that this class of variant apocytochrome might form "dead-end" complexes with HCCS. Here, we show that the cysteine variant apocytochromes indeed are bound in nonproductive complexes with HCCS, consistent with the "dominant" cytochrome c variants observed in the aforementioned study by Wang et al. (63) . It is striking that the ratio of released to trapped WT cytochrome c is one hundred times higher than in the C18A variant, highlighting the consequences of thioether formation for full release and maturation. Additionally, that both the C15S and C18A singlecysteine complexes contained covalent heme suggests that there may not be a preferred order for thioether formation.
Step 4. Release of Holocytochrome c from the Complex. In addition to the requirement for formation of two thioether bonds (step 3), optimal production of mature holocytochrome c requires a mechanism for release from HCCS (Fig. 6A) . A number of studies on mitochondrial importation of apocytochrome c in whole yeast cells (30, 33, 63) and in isolated yeast mitochondria (31, 64) have concluded that apocytochrome residues important for heme attachment may represent only a subset of the residues involved in mitochondrial import. Thus, in addition to Phe11, Cys15, Cys18, and His19, there are likely multiple residues in the apocytochrome that mediate interaction with HCCS:heme. We propose that a dedicated release mechanism (step 4) is essential for the cognate human holocytochrome c because of multiple, stable interactions between HCCS:heme and the apocytochrome that are related to HCCSmediated import of the apocytochrome c into the mitochondrion.
Binding of the human HCCS to its cognate cytochrome c in the ternary complex is surprisingly stable, as demonstrated by the fact that the HCCS:heme:cytochrome c complex can be purified (in the oxidized state) and maintained in vitro. We speculate that, in the cell, the proper milieu (e.g., reducing environment) promotes folding of the WT holocytochrome c, which provides the energy to release heme (and the holocytochrome) from the HCCS active site. Although we have not addressed the mechanisms in step 4 directly in our study, a rich literature exists on the analysis of holocytochrome c folding in vitro, which is useful to consider here. For example, reduced cytochrome c (Fe 2+ ) shows a notable difference in folding relative to oxidized cytochrome c (Fe 3+ ), exhibiting greater stability toward denaturation (65) . Even the binding of small axial ligands such as carbon monoxide, which can replace the natural methionine axial ligand, has a significant impact on the folding and unfolding processes (66) . Thus, the importance of reduced heme (Fe 2+ ) both for thioether formation and for holocytochrome c release might be considered for HCCS-mediated cytochrome c maturation. Possible factors involved in this reduction in mitochondria have been described (24) . Release of holocytochrome c from the ternary complex clearly demands that HCCS axial ligand His154 be discharged from the heme iron (Fig. 6C) ; this discharge may be facilitated by interaction of the heme with other residues in the cytochrome c during folding. Although the second axial coordination site in mature holocytochrome c is occupied by Met81 (Fig. 6D) , there is ample evidence that this methionine residue can be replaced and still yield mature cytochrome c (67). Therefore, other residues in cytochrome c may play a role in displacing HCCS His154 from the heme during folding. Besides a molecular understanding of the mechanisms underlying HCCS function, our study provides the foundation for future analyses of other key residues in the human HCCS and the cytochrome c and the framework for delineating the steps in which those residues are involved.
Materials and Methods
Bacterial Growth Conditions. E. coli strains (SI Appendix, Table S2 ) were grown at 37°C in LB broth (Difco) supplemented with the appropriate antibiotics (Sigma-Aldrich) and other medium additives at the following concentrations, unless otherwise noted: carbenicillin, 50 μg·mL Protein Expression and Purification. For HCCS expression (with or without coexpression of cytochrome c), E. coli Δccm strain RK103 (68) or RK112 (69) was used. Starter cultures were initiated from a single colony and grown overnight at 37°C with shaking at 200 rpm in 100 mL of LB medium with the appropriate antibiotics. One liter of LB was inoculated to 10% and was grown with shaking at 120 rpm for 1 h (OD 600 <1.0), at which point the culture was induced with 0.1 mM IPTG for pET Blue-2-, pTXBI-, or pGEXbased expression for 5 h. For coexpression of pBAD-based cytochrome c, the culture was induced with 0.2% arabinose (wt/vol) 3 h after inoculation (2 h after induction of HCCS expression) and grown for an additional 3 h. Cells were harvested at 5,000 × g for 10 min and frozen at −80°C overnight. Cell pellets were thawed and resuspended in PBS (100 mM NaCl, 7.5 mM Na 2 HPO 4 , 2 mM NaH 2 PO 4 ) and treated with 1 mM PMSF (Sigma-Aldrich;) and 100 μg·mL −1 egg white lysozyme (Sigma-Aldrich ) for 30 min with shaking on ice. Cells were disrupted by repeated sonication for 30-s bursts with a Branson 250 sonicator (50% duty, 60% output) until clearing of the suspension was observed. Crude sonicate was centrifuged at 24,000 × g for 15 min to clear cell debris, and membranes were isolated by centrifugation at 100,000 × g for 45 min. Membrane pellets were solubilized in a modified 1× GST buffer (150 mM NaCl, 50 mM Tris, pH 8) (Pierce) with 1% (wt/vol) DDM (Anatrace) or Triton X-100 (Sigma-Aldrich) on ice for 1 h. Detergent-solubilized membranes were centrifuged at 24,000 × g for 15 min to remove unsolubilized material. Solubilized membranes (L; load) were passed over glutathione agarose (Pierce) per the manufacturer's recommendations and were washed in 1× modified GST buffer with 0.02% (wt/vol) DDM or Triton X-100. Bound GST-tagged protein was eluted in 1× modified GST buffer containing 0.02% (wt/vol) DDM or Triton X-100 and 20 mM reduced glutathione (E; elution). The purified protein was concentrated and subjected to buffer exchange in an Amicon Ultra Centrifugal Filter 30,000 MWCO (Millipore) after purification (EC; concentrated elution). Total protein concentration was determined using Bradford Reagent (Sigma-Aldrich) per the manufacturer's instructions, and samples were measured with a PowerWave XS2 Microplate Spectrophotometer (BioTek).
